Pheochromocytomas and abdominal paragangliomas are adrenal and extra-adrenal catecholamine-producing tumours. They arise due to heritable cancer syndromes, or more frequently occur sporadically due to an unknown genetic cause. The majority of cases are benign, but malignant tumours are observed. Previous comparative genomic hybridization (CGH) and loss of heterozygosity studies have shown frequent deletions of chromosome arms 1p, 3q and 22q in pheochromocytomas. We applied high-resolution whole-genome array CGH on 53 benign and malignant pheochromocytomas and paragangliomas to narrow down candidate regions as well as to identify chromosomal alterations more specific to malignant tumours. Minimal overlapping regions (MORs) were identified on 16 chromosomes, with the most frequent MORs of deletion (R32%) occurring on chromosome arms 1p, 3q, 11p/q, 17p and 22q, while the chromosome arms 1q, 7p, 12q and 19p harboured the most common MORs of gain (R14%). The most frequent MORs (61-75%) in the pheochromocytomas were identified at 1p, and the four regions of common losses encompassed 1p36, 1p32-31, 1p22-21 and 1p13. Tumours that did not show 1p loss generally demonstrated aberrations on chromosome 11. Gain of chromosomal material was significantly more frequent among the malignant cases. Moreover, gain at 19q, trisomy 12 and loss at 11q were positively associated with malignant pheochromocytomas, while 1q gain was commonly observed in the malignant paragangliomas. Our study revealed novel and narrow recurrent chromosomal regions of loss and gain at several autosomes, a prerequisite for identifying candidate tumour suppressor genes and oncogenes involved in the development of adrenal and extra-adrenal catecholamine-producing tumours. Average tumour size for the groups B, M, M pa and all M. e Average number and size of alterations are given for the groups B, M, M pa and all M.
Introduction
A pheochromocytoma is a rare endocrine tumour predominately arising from the catecholamineproducing chromaffin cells in the adrenal medulla. In 10-23% of cases, tumours occur in extra-adrenal locations in sympathetic paraganglia, and are therefore often termed as extra-adrenal pheochromocytomas or paragangliomas (Erickson et al. 2001 , Bravo & Tagle 2003 , Karagiannis et al. 2007 . Paraganglioma, however, refers to all neoplasias of the paraganglion nervous system, consisting of both sympathetic and parasympathetic paraganglia located along the large vessels from the base of the skull to the pelvis. Paragangliomas of the parasympathetic nervous system are mostly situated in the head and neck region, and very rarely secrete significant amounts of catecholamines (Karagiannis et al. 2007 ).
Around 10-25% of pheochromocytomas develop due to the presence of constitutional mutations in any of the seven susceptibility genes, which give rise to different familial syndromes (Karagiannis et al. 2007) . Mutations in RET, VHL and NF1 cause multiple endocrine neoplasia type 2, von Hippel-Lindau disease and neurofibromatosis type 1 respectively (Xu et al. 1992 , Latif et al. 1993 , Mulligan et al. 1993 , whereas germline mutations in SDHB, SDHC, SDHD and SDH5 genes have been found in paraganglioma syndromes (Baysal et al. 2000 , Niemann & Muller 2000 , Astuti et al. 2001a ,b, Eng et al. 2003 , Hao et al. 2009 ). However, the majority of pheochromocytomas occur sporadically with more or less unknown genetic background. The sporadic tumours rarely display somatic mutations in the genes associated with familial disease (Dannenberg et al. 2003) . Most tumours are benign, but malignant pheochromocytomas have been reported to comprise up to 10% of all cases (Bravo & Tagle 2003 , Elder et al. 2005 , Karagiannis et al. 2007 ). Malignant tumours occur, however, more frequently among abdominal paragangliomas, representing w20% of these cases (Linnoila et al. 1990) . Distinguishing between benign disease and malignant disease is notoriously difficult, and current WHO classification recognizes the presence of metastases as the only reliable criterion for malignancy, whereas others also accept local invasion or recurrence in tissue where chromaffin cells do not normally exist (Neumann et al. 2002 , Bryant et al. 2003 , Strong et al. 2008 , Tischler 2008 . Therefore, there is a great need for novel markers that could improve the ability to predict and treat malignant disease.
A frequent finding in solid tumours is the presence of DNA copy number aberrations that can contribute to tumour development by inducing chromosomal instability and changes in gene expression (Hughes et al. 2000 , Pollack et al. 2002 , Kallioniemi 2008 . Cytogenetic, molecular and array-based methods are used to study these alterations. Loss of heterozygosity (LOH) and metaphase/array comparative genomic hybridization (CGH) studies have reported loss of chromosome arms 1p, 3p/q, 11p/q, 17p and 22q as frequent events in pheochromocytomas, indicating the potential presence of tumour suppressor genes on these autosomes. Gain of chromosomal material has appeared less frequently, and the most commonly affected chromosomal regions include 1q, 12q, 17q, 19p/q and 20q (Bender et al. 2000 , Edstrom et al. 2000 , August et al. 2004 , Cascon et al. 2005 , Jarbo et al. 2006 , Aarts et al. 2006 , van Nederveen et al. 2009 ). Here, we have used a high-resolution whole-genome tiling array, consisting of more than 32 000 BAC (bacterial artificial chromosome) clones (32K array), to comprehensively characterize the DNA copy number status of 44 adrenal pheochromocytomas and 9 sympathetic paragangliomas. Available corresponding blood or normal tissues from 36 samples were concomitantly evaluated on this array platform.
Materials and methods
Samples A total of 53 tumour samples and 36 paired normal adrenal tissue and/or blood samples were used in the study (Table 1) . Of these tumours, 44 were pheochromocytomas and 9 were paragangliomas, i.e. sympathetic, catecholamine-producing tumours with abdominal localization. The tumour cell content in the samples was confirmed by an experienced pathologist. Four of the pheochromocytomas and six of the paragangliomas were classified as malignant due to the presence of metastases, whereas four and one respectively were considered malignant due to invasive behaviour of the primary tumour or recurrence with invasion. One patient presented extensive tumour thrombosis ( Table 2) . Two of the apparently benign pheochromocytomas (samples 36 and 37) were analysed separately from the rest of the benign tumours due to the following histological characteristics: large tumour size (10 cm) and atypical histological features for one sample, and moderate size (4 cm), but marked atypia, presence of necroses and spread mitoses for the other sample (Tumour 36, 4 cm large pheochromocytoma with capsular and intratumoural vascular invasion, occasional mitoses, no metastases during 13 years of follow-up. Tumour 37, 10 cm large J Sandgren et al.: DNA copy number profiling in endocrine tumours www.endocrinology-journals.org pheochromocytoma with necroses, spread mitoses and marked nuclear pleomorphism, with bizarre nuclear variations, no metastases during 5 years of follow-up).
In two of the cases with malignant paragangliomas, both the primary metastasis and the associated metastasis were studied. The samples were collected in tissue banks during a 20-year period from the Uppsala University Hospital (24 tumours, 13 normal tissues and 7 blood samples), the Karolinska University Hospital (24 tumours and 13 blood samples) (Edstrom Elder et al. 2003) and the Halle University Hospital, Germany (5 tumours and 3 blood samples). Samples were collected with informed consent from the patients, and the study of samples was approved by the respective local ethics committees. Standard methods were used to extract DNA. The reference DNA used in all the hybridization experiments was derived from peripheral leucocytes of a healthy female ). On average, patients with benign tumours were followed up for 124 months (range 16-240), and patients with malignant tumours were followed up for 128 months (range 0-241) ( Table 1) .
Based on careful family history and clinical findings, cases with MEN2, VHL and NF1 familial syndromes were not included in the study. Mutation in the succinate dehydrogenase complex, subunit B, iron sulphur (Ip) gene (SDHB, PGL4) is relatively common in malignant pheochromocytomas and paragangliomas (Neumann et al. 2004 , Pasini & Stratakis 2009 , and mutation analysis of SDHB was performed in all paragangliomas and all malignant pheochromocytomas (samples 34, 35 and 38-53, Table 2 ). Sequence analysis of the SDHB gene was done as described (Kiss et al. 2008) .
Hybridization on 32K BAC array
Array construction is outlined in previous reports . DNA labelling, hybridization, washing and scanning were Kiss et al. (2008) .
Endocrine-Related Cancer (2010) 17 561-579 www.endocrinology-journals.org performed as described previously with minor modifications (Buckley et al. 2002) . In short, 1.5 mg of genomic test and reference DNA were labelled using random primers (BioPrime Array CGH Genomic Labeling kit, Invitrogen) and Cy3CTP (PA53021, GE HealthCare, Chalfont St Giles, Buckinghamshire, UK) and Cy5 (PA55021, GE HealthCare). Purified probe DNA was mixed with 150 mg human COT-1 DNA, vacuum evaporated and resuspended in 50 ml of hybridization solution (50% formamide, 5% SDS; 10% dextran sulphate, M.W. 500000, 2!SSC). The mixture was then denaturated for 5 min at 95 8C and incubated for 2 h at 45 8C before being applied to the array and covered by a lifterslip. Hybridization was carried out at 45 8C for 20 h in slide chambers (Corning Inc., New York, NY, USA). The slides were washed in 25% formamide, 2!SSC, 0.1% SDS at 45 8C for 17 min followed by washing for 10 min in 1!PBS at room temperature, rinsed in H 2 O for a few seconds and immediately blow-dried using pressurized dust-free air.
Data analysis and statistics
Image capture and detection of Cy5 and Cy3 intensities for each spot on the arrays were performed using GenePix 4000B scanner (Axon Instruments Inc., Union City, CA, USA), and acquired data were analysed using GenePix Pro v6 image analysis software (Axon Instruments). Raw data files were uploaded to and stored in a LIMS database, hosted by Linnaeus centre for Bioinformatics (LCB, base.lcb.uu.se). Filtration, normalization and statistical analysis of the data were performed with tools developed by LCB (LCB-DWH, http://dw.lcb.uu.se; Ameur et al. 2006) . Oversaturated spots, spots with low signal-to-noise ratio (SNR!3) in either channel and spots manually or automatically flagged as bad or absent in GenePix Pro were filtered out. Print-tip loess normalization was applied to adjust for dye bias and/or spatial effects. The classification of clones as gained, deleted or balanced level was done using SMAP (segmental maximum a posteriori) . For a specified number of states, SMAP iteratively fits a hidden Markov model genome wide to the data, and infers the most probable profile of copy numbers for each chromosome using a segmental a posteriori approach until no further improvements can be made. Each individual clone was subsequently assigned a copy number class (CNC): 1, gain; K1, deleted or 0, balanced. If so, CNCs for homozygous deletion (CNCZK2) and for more than two copies gained (CNCR2) were also considered. Single clones with a CNC different from that of the neighbouring clones were re-assigned to the CNC of the neighbouring clones. The resulting genomic profiles are visualized using a graphical tool that plots all clones according to their chromosomal position and ratio, coloured according to their CNC status. Clone mapping information was obtained from ensemble (http://ensemble.org/biomart). A one-sided Wilcoxon rank-sum test was done to assess for differences in the number of alterations and megabases (Mb) of genome altered as well as for differences in tumour size between the benign and malignant tumours. Identification of clones more often associated with aberrations in the malignant versus benign pheochromocytomas and between malignant pheochromocytomas and malignant primary paragangliomas was performed using Fisher's exact test on the CNC data. The test was used to evaluate statistical differences between gained and not gained clones, as well as between deleted and not deleted clones in the tumour groups. The clones were ranked according to their P value, and P!0.05 was considered as a cut-off for significant overrepresentation in that group. The web-based Gene Ontology (GO) analysis tool DAVID (http://david.abcc.ncifcrf.gov/) was used for functional annotation analysis and for the determination of statistical overrepresentation of GO terms among genes encompassed within candidate regions. For all analyses, the GO term Biological Process was considered.
Quantitative PCR
Quantitative PCR (qPCR) quantification of the relative DNA copy number was performed using SYBR Green detection chemistry and a standard curve method as described by Applied Biosystems (ABI user bulletin #2) (Carlsbad, CA, USA). A standard curve was generated from threefold DNA dilution series of a normal human genomic DNA (Applied Biosystems, P/N 4312660) to produce six quantities ranging from 0.123 to 30 ng of human DNA. The primer efficiency was calculated using the formula: E%Z(10 (K1/slope)K1 )!100%. A total of three regions on chromosome 13 and chromosome 14 that showed stable copy numbers were selected as calibrators for normalization of copy number ratio. The relative fold increase in copy number was interpolated from the calibration curve upon normalization of the amount of DNA of the gene of interest to that of the calibrator. The results were analysed according to the Applied Biosystems user manual in Microsoft Excel.
Results

32K profiling of copy number alterations in pheochromocytomas and paragangliomas
The alterations detected in the panel of 53 tumours studied involved losses and gains of whole chromosomes as well as copy number imbalances restricted to specific regions. Representative 32K whole-genome profiles of a benign and a malignant sample from two different patients are shown in Fig. 1 , and a whole-genome overview of DNA copy number alterations for each analysed tumour sample is displayed in Supplementary Figure S1 , see section on supplementary data given at the end of this article. The number of large alterations per tumour, defined as affecting more than one-third of a chromosome arm, was variable and ranged from 0 to 14. Gains and losses were found on all autosomes, with the latter event being more common. No tumour-specific homozygous deletions or amplicons (O3 copies) were found in the studied samples. A list of large chromosomal aberrations present in each tumour and patient data are presented in Table 1 . Copy number variations detected in constitutional DNA (peripheral leucocytes or normal tissue) overlapped with known copy number variations according to the Database of Genomic Variants (http:// projects.tcag.ca/variation), and none appeared to be disease specific. We compared the number of large alterations present in benign (33 pheochromocytomas and 2 paragangliomas) versus malignant tumours (9 pheochromocytomas and 7 paragangliomas), and found that the latter group had significantly more alterations. On average, malignant samples presented with 7.2 alterations versus 4.9 presented by benign tumours (Table 1) . Significantly, more regions of gain were found in the former group (3.0 vs 1.2), though the number of large deletions was similar for the malignant and benign groups (4.3 vs 3.7). We also calculated the fraction of the genome affected by DNA copy number changes for each tumour, including large and small alterations, and found that the average fraction of DNA copy number alterations was significantly higher for the malignant pheochromocytomas/paragangliomas than for the benign tumours (20.3 vs 12.8%, Table 1 ). Correlation analyses (Spearman) revealed no relationship between tumour size and any chromosomal alteration (data not shown). In addition, no significant trend for a larger tumour in the malignant group was found (Table 1) . Moreover, no relationship with patients' sex was disclosed (Fisher's test, data not shown).
To assess common chromosomal aberrations, most likely important for tumour development, we generated frequency plots that visualize the occurrence of DNA copy number changes for each BAC on the array for the benign pheochromocytomas, malignant pheochromocytomas and malignant paragangliomas (Fig. 2) Figure 1 Whole-genome profiles of a benign (A) and a malignant (B) adrenal pheochromocytoma presenting characteristic alterations. The benign sample 9 showed loss of chromosome arms 1p, 3q and 17p, and monosomy 22. The small homozygous deletion at 1p21.1 represents a region of reported genomic variation (# 611, Database of Genomic Variants). The malignant tumour 39 presented with a higher number of aberrations including trisomies 5, 7, 12, 13, 15, 19 and 20, as well as deletion of 11q, 16p and the whole chromosome 18. Samples were hybridized on the 32K BAC array using blood-derived DNA from a healthy female as reference. Clones scored as gained, deleted or with no copy number imbalances are represented by red, green and blue spots respectively. The X-axis shows the genomic position of the clones along each chromosome, and the Y-axis shows the fluorescence ratio. Table 2 ) and loss of the other (1p36). Gain of 1q arm was highly frequent (60%) in the group of malignant paragangliomas as well as gain of 2p (40%), 11q (20%) and 4p (20%). We confirmed several of these aberrations using qPCR ( Supplementary Table S1 , see section on supplementary data given at the end of this article).
Minimal overlapping regions of copy number change in pheochromocytomas
Defining minimal overlapping regions (MORs) of copy number change may reveal genes that are important for tumour development. MORs including at least three samples were therefore determined in the series of 44 pheochromocytomas ( Minimal overlapping regions of loss and gain determined using the 32K array and involving at least three pheochromocytomas were studied. B, benign tumours; M, malignant tumours. a Total number of Ensembl-annotated and -predicted genes mapped to the region, clone and gene mapping information were obtained from Ensembl (http://ensembl.org/biomart, Homo Sapiens Genes NCBI36).
b
Candidate genes were selected within the minimum overlapping region after reported involvement in cancer and control of cell growth/proliferation.
Endocrine-Related Cancer (2010) 17 561-579 www.endocrinology-journals.org chromosomes 1, 3, 11, 17 and 22 ( Supplementary  Table S2 , see section on supplementary data given at the end of this article). Four MORs of deletion were identified on chromosome arm 1p (Supplementary Figure S2 , see section on supplementary data given at the end of this article). The most commonly affected region mapped to 1p13, and was observed in 75% of the tumours (Fig. 3) . Within this locus, 4.73 Mb in size, STL7 constituted one potentially important gene. The remaining three MORs at 1p also occurred frequently in the analysed pheochromocytomas (61-73%), and included chromosomal regions with several candidate tumour suppressor genes. The smallest MOR at 1p36 included among others the candidate tumour suppressor genes CHD5, CAMTA1 and TNFRSF25 (Fig. 3) . The whole chromosome arm 3q was frequently deleted, but rarely presented with interstitial loss. Consequently, two relatively large MORs of deletion were identified, 23.1 and 19.7 Mb in size, harbouring 175 and 163 genes respectively (Supplementary Figure  S3 , see section on supplementary data given at the end of this article). Chromosome 11 was also frequently deleted, and three small MORs of loss were identified on this autosome (Supplementary Figure S4 , see section on supplementary data given at the end of this article). The tumour suppressor gene DKK3 mapped to one of these regions. Chromosome 17 included two frequent MORs of deletion, and among the many genes encompassed within these regions, the well-known tumour suppressor genes NF1 and TP53 were found (Supplementary Figure S5 , see section on supplementary data given at the end of this article). Losses on chromosome arm 22q were present in w50% of the pheochromocytomas, and three MORs were identified (Supplementary Figure S6 , see section on supplementary data given at the end of this article). The MOR at 22q13 spanned over 6.25 Mb and included the tumour-associated gene PRR5, and the smallest MOR on this autosome at 22q13 harboured 19 genes with ST13 representing an interesting candidate. MORs of gain were less commonly found in the series of pheochromocytomas. The most frequent, present in 32% of the samples, and also the smallest (0.24 Mb) tumour-specific MOR of gain, mapped to 19p13.3 and included only two genes, JMJD2B and the hypothetical protein LOC1001284439 (Table 3 ). Finally, two common MORs of gain, both present in 23% of the pheochromocytomas, were identified on 1q arm. The MOR mapping to 1q21.2 is shown in Fig. 4 , and harbours, for example, the gene CTSK.
Several chromosomal regions were more frequently altered in malignant pheochromocytomas
From the frequency plot displayed in Fig. 2 , it is evident that when the malignant and benign pheochromocytomas were compared, no chromosomal regions appeared to be exclusively and recurrently altered in either group. However, the malignant samples in general displayed a higher frequency of aberrations, especially gains. To identify which BAC clones were more often involved in copy number imbalances in malignant tumours than in benign ones, we performed Fisher's exact test. The number of BAC clones more frequently gained and deleted in malignant cases was 526 and 348 respectively. The affected regions were often large and spanned over whole chromosomes or chromosome arms, indicated in grey in Fig. 2B . The most overrepresented gained regions in malignant pheochromocytomas were 12p and 19q, events present in 33% of these tumours compared with 3 and 9% in the benign ones. Gain of 20q and trisomy 7 were also more commonly observed in the malignant tumours (22 vs 6%). Deletion of 11q was the alteration with the highest frequency difference between malignant and benign pheochromocytomas, observed in 56 vs 24% of samples respectively. Terminal deletions on the long arm of chromosome 4 were also more commonly observed in malignant tumours (33 vs 12%). Loss of chromosome arms 10p and 9p occurred in 22 and 11% of malignant samples, while no large deletions were observed in benign cases on either of these autosomes. Noteworthy was that the two questionably benign pheochromocytomas (samples 36 and 37) presented with a high number of alterations (Table 1) . Malignant disease was not detected after follow-up of 11 and 5 years respectively. We also sought to determine if genes located within differentially altered chromosomal regions, derived from the malignant group compared with the benign group, were involved in particular biological processes. A total of 465 genes mapping to the more frequently gained loci and 159 genes encompassed within the more frequently deleted regions in the malignant pheochromocytomas were submitted to the web-based GO tool DAVID. The enriched GO terms are given in Supplementary Tables S3 and S4 , see section on supplementary data given at the end of this article. GO biological processes for genes encompassed within the regions more frequently gained in the malignant tumours included regulation of gene expression, response to oxidative stress and signal transduction. Possible candidate genes with oncogenic properties associated within the enriched GO terms included CIC (19q13.2), HMGA2 (12q15), TPO (2p25), EEF1A2 (20q13.3) and PTK6 (20q13.3). Biological processes over-represented for genes encompassed within regions more often deleted in malignant pheochromocytomas comprised metabolic processes and chromatin modification, and this included the gene inhibitor of growth (ING2) (4q35) represented within the latter term. Other genes were the possible tumour suppressor gene PPP2R1B, located in the most frequently deleted region at 11q23.2, and the DCLRE1C gene located at 10p13.
1q was the most frequently gained region in malignant paragangliomas compared to malignant pheochromocytomas
We also compared the genomic profiles of primary malignant paragangliomas (nZ5) versus primary malignant pheochromocytomas (nZ9). Most of the 73 BAC clones that were more often gained in malignant paragangliomas mapped to chromosome arm 1q (Fig. 2C ). Gain of 1q was detected with the (148.11-149.28 Mb) also highlights the shared centromeric breakpoint. This 1.17 Mb sized region at 1q21.2 is boarded by segmental duplications and reported copy number variants, as depicted in the lower panel (C) . No alterations in this region were found in the corresponding blood or normal tissues of the patients.
Endocrine-Related Cancer (2010) 17 561-579 www.endocrinology-journals.org highest frequency difference (49%), and was found in three of five malignant paragangliomas compared with one of nine malignant pheochromocytomas. Gain of both chromosomal regions 2p and 11q13 was present in two samples versus one sample, a frequency difference of 29%. A total of 104 BAC clones were more often found to be deleted in malignant paragangliomas, representing regions on 1p and 3p (Fig. 2C) . All malignant paragangliomas presented with entire or partial deletions of 1p compared with 56% of the malignant pheochromocytomas.
The most overrepresented biological processes derived from the GO analysis of the 114 genes encompassed within the more often gained clones in malignant paragangliomas versus malignant pheochromocytomas according to Fisher's exact test included regulation of biological process, cell proliferation and immune response ( Supplementary Table S5 , see section on supplementary data given at the end of this article). Interestingly, the gene CKS1B (1q21) was found in the enriched GO terms. CKS1B is gained and overexpressed in malignant breast cancer, and has also been shown to promote prostate cancer and has been associated with poor prognosis in myeloma (Zhan et al. 2007 , Lan et al. 2008 , Wang et al. 2009 ). Also, rather few genes (156) were located in the more often deleted regions, and GO analysis of these revealed cation homeostasis, G-protein signalling and response to external stimuli as some of the biological processes ( Supplementary Table S6 , see section on supplementary data given at the end of this article). Candidate tumour suppressor genes among the GO terms include NPRL2 and FUS1, both of which are located at 3p21 and implicated in lung cancer, for instance (Li et al. 2004 , Prudkin et al. 2008 ).
As we had collected both the primary tumour and the corresponding metastases from two patients diagnosed with malignant paraganglioma, a comparison of their DNA copy number profiles was done ( Supplementary  Figure S7 , see section on supplementary data given at the end of this article). The loss of chromosome arms 1p and 3q as well as gain of 1q and 2p was common for all four samples, possibly indicating early events in tumourigenesis. In one patient, the investigated metastasis had acquired more alterations (sample 53 vs 51), pointing to the accumulation of additional genetic damage during tumour evolution. In the other case (sample 52 versus sample 50), the metastasis sample also shared many aberrations with the primary tumour, but a few differences (lack and presence of supplementary aberrations) could be observed. This indicates that the metastasis probably derived from a specific subclone, and that additional mutations subsequently occurred both in the primary tumours and in the metastatic tumours. These tumours (50 and 52) had acquired biallelic inactivation of the SDHB tumour suppressor gene by mutation ( Table 2) and loss of 1p.
Discussion
This study presents a high-resolution genome-wide analysis of DNA copy number changes in 44 pheochromocytomas, 9 paragangliomas and 36 corresponding blood or normal tissues. On average, patients with benign tumours were followed up for 124 months (range 16-240). By applying a whole-genome clonebased array, we were able to identify a number of new candidate chromosomal regions. MORs of deletion or gain were identified on 16 chromosomes, with the most frequent MORs of deletion occurring on chromosomes 1, 3, 11, 17 and 22, and MORs of gain occurring on chromosomes 1, 7, 12, 18 and 19.
Loss of whole or part of chromosome arm 1p was the most frequent aberration detected in 40 of 53 cases (76%). This implies that inactivation of specific tumour suppressor genes on this chromosome is probably an initial event during the molecular pathogenesis of these tumours. This finding is in agreement with previous CGH and LOH studies (Bender et al. 2000 , Dannenberg et al. 2000 , Edstrom et al. 2000 , August et al. 2004 . We could determine four distinct MORs of deletion on 1p in the series of pheochromocytomas (Table 3, Fig. 3 and Supplementary Figure S2 ), each including possible tumour suppressor genes. These regions overlap with MORs reported by others, and enabled the narrowing down of loci of interest (Dannenberg et al. 2000 , Edstrom et al. 2000 , Cascon et al. 2005 , Aarts et al. 2006 . The most frequent MOR of deletion at 1p13.2-1p13.1 was present in 75% of the investigated samples, and contained among others the ST7L gene, which is homologous to the tumour suppressor gene ST7. Allelic loss or rearrangements of region 1p13 have been reported in many human neoplasias, and changes in ST7L expression levels have also been correlated with metastatic progression in melanoma (Riker et al. 2008) . The MORs 1p13.2-1p13.1 and 1p22.2-1p21.1 identified here were both included in larger candidate regions as defined by using a chromosome 1-specific BAC array on a set of both sporadic and familial pheochromocytomas (Aarts et al. 2006) . CDC14A located at 1p21 encodes a tyrosine phosphatase involved in the exit from cell mitosis and initiation of DNA replication. Interestingly, reduced expression of CDC14A has been shown to induce mitotic defects (Mailand et al. 2002) . Moreover, CDC14A has also been shown to be J Sandgren et al.: DNA copy number profiling in endocrine tumours www.endocrinology-journals.org differentially expressed in human cancer cells and to interact with the tumour suppressor p53 (Paulsen et al. 2006) . The transforming growth factor-b receptor type III gene (TGFbR3) at 1p22 is also a possible candidate. Low expression of TGFbR3 has been shown in renal cell carcinoma (Copland et al. 2003) , and down-regulation of this gene also seems to be of importance in the progression of prostate and breast cancers (Dong et al. 2007 , Sharifi et al. 2007 . We also defined a small MOR at 1p36.32-p36.23, a region deleted in several human cancers. Chromodomain helicase DNA-binding protein 5 (CHD5) has recently been described as a novel candidate tumour suppressor gene at this locus (Bagchi & Mills 2008) . Moreover, CHD5 was found to be epigenetically silenced by DNA methylation in neuroblastoma cell lines, further supporting a tumour suppressor function (Fujita et al. 2008) .
Loss of 3q also occurred frequently in the studied set of pheochromocytomas (48%), indicative of an early event following 1p loss (Table 3 and Supplementary Figure S3 ). Furthermore, deletion of 3q appeared more commonly in benign pheochromocytomas than in malignant pheochromocytomas, and this finding is in agreement with previous studies (Bender et al. 2000 , Dannenberg et al. 2000 , Edstrom et al. 2000 , August et al. 2004 , Cascon et al. 2005 . Deletions on chromosome 22 were common (50%) in pheochromocytoma (Table 3 and Supplementary Figure S6 ), a result consistent with our previous report (Jarbo et al. 2006 ). Loss of 22q was also more frequent in benign tumours than in malignant tumours, and for all but one pheochromocytoma, 22q deletion was combined with 1p loss. The latter finding was also detected by van Nederveen et al. (2009) . An interstitial deletion present in one sample defined a MOR of deletion of 1.1 Mb at 22q13.1-22q13.2, which was observed in 48% of benign tumours. This region harbours several genes, for instance, ST13 (suppression of tumourigenicity 13), which encodes a cofactor of the heat shock protein 70. ST13 has been found to be down-regulated in gastric and colorectal cancers (Shi et al. 2007) , and a potent antitumour effect of ST13 has recently been reported in vitro and in an animal model of colorectal carcinoma (Yang et al. 2008) . A second MOR of deletion at 22q13.2-22q13.31 involved 50% of the tumour samples. This region includes PRR5, which was reported to be down-regulated in breast cancer (Johnstone et al. 2005) .
One of the two frequently deleted regions on chromosome 17 (17p13.2-17p12) contains the wellknown tumour suppressor gene TP53 (Table 3 and Supplementary Figure S5 ). The role of TP53 in pheochromocytoma development is, however, ambiguous. While a recent CGH study has reported frequent loss of the TP53 locus (45%), no mutations could be detected in exons 5-8 (Petri et al. 2008) . Additional studies demonstrated that aberrant expression and mutations of TP53 are rare in pheochromocytoma (Petri et al. 2008) . Other tumour suppressor genes in this frequently deleted region may be of importance in pheochromocytoma development. MAP2K4, located w4 Mb downstream of TP53, could be a candidate gene since loss-of-function mutations have been found at a fairly consistent rate (w5%) in primary tumours of the pancreas, bile duct, breast, colon, lung and testis (Cunningham et al. 2006a) . Moreover, the lack of expression of MAP2K4 in gastric adenocarcinoma has been shown to be associated with poor survival (Cunningham et al. 2006b ). The NF1 gene was included in the second candidate region on chromosome 17 (17q11.1-17q11.2), deleted in 39% of pheochromocytomas. This gene is of interest since w5% of patients with the NF1 syndrome develop pheochromocytoma. However, mutations in this gene as well as in the five other genes known to cause susceptibility to familial pheochromocytoma/paraganglioma are rare in truly sporadic tumours (Dannenberg et al. 2003) . The genes VHL (3p25), SDHD (11q23), SDHB (1p36), SDHC (1q21) and RET (10q11.2) as well as the newly identified paraganglioma-associated SDH5 gene (11q13) were not represented within the MORs recognized in the present study.
Chromosome 11 often presented with deletions in the pheochromocytomas. Interestingly, tumours that did not show 1p loss frequently demonstrated aberrations on chromosome 11 (9 of 11 samples, Table 1 and Supplementary Figure S1 ), and one tumour presented with 11q deletion as the only aberration. Three MORs of deletion with frequencies of 34-39% were defined on this autosome (Table 3 and Supplementary Figure S4 ). One of the several candidate genes located within the MOR at 11p15.4-11p15.3 was DKK3. This potential tumour suppressor gene has been found to be down-regulated in various cancers and also epigenetically silenced in gastrointestinal tumours (Sato et al. 2007 ). TP53-inducible protein 11 (TP53I11), situated in a smaller sized MOR at 11p11.2, is also an interesting candidate gene since a role in promoting apoptosis and low protein expression has been reported in hepatocellular carcinoma cell lines (Ricketts et al. 2003) . The observation of two subgroups of sporadic pheochromocytoma, one group with loss of 1p and/or 3q and a second group with loss of 3p with or without 11p loss as reported by van Nederveen et al. (2009) , was not obvious in our set of analysed tumours. Only two Endocrine-Related Cancer (2010) 17 561-579 www.endocrinology-journals.org tumours with no 1p or 3q loss showed loss of 3p, both in combination with 11p deletions.
A small MOR of gain at 19p13.3 was identified in 32% of the pheochromocytomas. This region encodes JMJD2B and the hypothetical protein LOC1001 284439. JMJD2B functions as a demethylase of lysine 9 on histone 3 (Fodor et al. 2006) . Trimethylation of lysine 9 on histone 3 has been mostly associated with gene repression of heterochromatin, but also with active expression of genes recently (Wiencke et al. 2008 ). An altered expression of JMJD2B could possibly influence the activity of genes regulated by this epigenetic marker, and subsequently have implications in cancer. In agreement with the array CGH result, immunohistochemistry revealed prominent expression of JMJD2B (data not shown). Gains at 1q were also relatively frequent (23%), and two MORs were identified on this arm, one at 1q21 where the CTSK gene is located (Fig. 4 ) and the other at 1q32, harbouring among others the MDM4 gene. These genes deserve attention as expression of CTSK has been linked with invasiveness in breast cancer (Kleer et al. 2008) , and the MDM4 locus has recently been found to be amplified in bladder cancer, with associated overexpression of MDM4 and disruption of TP53 activity (Veerakumarasivam et al. 2008 ).
In the present study, we also focused on recognizing genetic alterations that could be more specific for the malignant samples. The WHO classification defines malignancy of pheochromocytomas and paragangliomas by the presence of metastases, and there is currently no consensus to determine malignancy before metastases occur. Many pathologists consider obvious invasion into surrounding tissue of primary or recurrent tumour, or the presence of an extensive tumour thrombosis as evidence of clinical malignancy (as indicated in one sample in the present series), and histological signs (capsular or vascular invasion, extreme cytological atypia and presence of confluent necroses) can be used in different scoring systems together with other parameters to histopathologically discriminate tumours with a higher risk of malignancy (Linnoila et al. 1990 , Thompson 2002 , Strong et al. 2008 , Tischler 2008 . In general, the DNA copy number profiles of the benign and malignant pheochromocytomas showed similar frequency of recurrent deletions as well as a wide range of affected chromosomes in both groups. Nevertheless, the malignant samples showed significantly higher number of large alterations than benign tumours (6.8 vs 4.9 on average respectively), and especially gains were more commonly found in the malignant pheochromocytomas (2.6 vs 1.2, Table 1 ). This finding allowed us to speculate that amplification and possible overexpression of oncogenes may be of importance in the transition of benign to malignant tumour, as described in other cancers (Albertson 2006 , Heidenblad et al. 2008 . Two tumours with benign clinical behaviour at follow-up but with atypical histological features (samples 36 and 37) also displayed high frequency of alterations, including gains, suggestive of potential malignancy or a stage of transition from benign to malignant phenotype. The most overrepresented regions of gain in malignant pheochromocytomas than in benign pheochromocytomas were chromosome arms 12p and 19q followed by gain of 20q and trisomy 7, which has been reported previously in malignant pheochromocytomas (August et al. 2004 ). Loss of chromosome arms 11q, 4q, 10p and 9p was more frequent in the malignant pheochromocytomas than in the benign pheochromocytomas. A higher incidence of deletions on 11q and 9p has been observed in malignant tumours (Edstrom et al. 2000 , August et al. 2004 ; however, the association of 4q deletions and 10p loss with the malignant phenotype is novel.
GO analysis of the genes encompassed within regions more often affected in malignant cases than in benign cases revealed several interesting candidates. However, since the regions span large chromosomal segments, many genes could be considered. Among the several candidates represented within the clones, the EEF1A2 and PTK6 genes, both at 20q13.3 and potential oncogenes, were more frequently gained in malignant pheochromocytomas. Up-regulation and amplification of EEF1A2 have been reported in various cancers, and also correlation to invasion has been observed (Zhu et al. 2007 , Sun et al. 2008 , Cao et al. 2009 ). PTK6 has been proposed to promote cell migration and invasion in breast cancer, and aberrant high expression was reported in breast tumours and ovarian cancer (Schmandt et al. 2006 . The TPO gene at 2p25 is also worthy of attention since increased expression of this gene was associated with malignant thyroid neoplasia (Weber & Eng 2008) . Other genes of interest include CIC, located at the frequently (33%) gained region on 19q13.2. Significant expression of CIC has been detected in medulloblastoma, and a fusion between CIC and the DUX4 gene, t(4;19)(q35;q13), has been found in Ewing-like sarcoma (Lee et al. 2005 , Kawamura-Saito et al. 2006 . Also, the HMGA gene at 12q15 was overrepresented in the GO analysis and frequently gained. This gene is overexpressed in many tumours, such as lung cancer and salivary gland adenomas Fewer regions and subsequently fewer genes were more often found to be deleted in malignant pheochromocytomas than in benign pheochromocytomas. However, since the regions were large, a high number of genes could be considered. An interesting gene mapping to the frequently deleted (56%) chromosome arm 11q is the candidate tumour suppressor gene PPP2R1B (11q23.2). Mutation of this gene was reported in colon cancer, and it has been shown to be inactivated in CML (chronic myelogenous (or myeloid) leukemia) (Takagi et al. 2000 , Neviani et al. 2005 . ING2 is an additional tumour suppressor gene that is located at the commonly deleted (36%) region at 4q35. This gene is a member of the ING family. Members of the ING family associate with and modulate the activity of histone acetyltransferase and histone deacetylase complexes and function in DNA repair and apoptosis. Decreased expression of ING2 has been reported in hepatocellular carcinoma, lung cancer and melanoma, for instance (Ythier et al. 2008 , and frequent LOH at ING2 locus has also been reported in head and neck squamous carcinoma (Borkosky et al. 2009 ). The DCLRE1C gene (10p13) is included in some of the enriched biological process categories from the GO analysis, since chromosome 10 loss is overrepresented in the malignant cases. DCLRE1 has a function in DNA repair.
Five primary malignant paraganglioma samples were included in this study (Table 1) . These tumours showed similar recurrent aberrations with a very high frequency of 1p loss (80%), and regions between 1p13 and 1p22 were deleted in all samples. This chromosome arm has also previously been found to be frequently deleted in malignant paragangliomas (Edstrom et al. 2000 , Cascon et al. 2005 . However, the frequency of 1p loss reported by Cascon et al. (2005) was lower (50%). This could be due to the fact that the paragangliomas analysed in that study were derived from head and neck, and the ones profiled here were of abdominal origin, or possibly that the tumour cell content was higher in our samples. We also detected higher frequency of 3q and 11p deletions (both 60%) as well as 1q, 2p and 11q13 gains (60 and 40% respectively) in malignant paragangliomas, than those reported previously in head and neck paragangliomas (Cascon et al. 2005) . These findings indicate that slightly different routes of chromosomal alterations may operate in malignant abdominal paragangliomas than in the head and neck paragangliomas, although clearly larger number of tumours need to be analysed.
The identification of distinct and narrow candidate chromosomal regions of frequent loss and gain on several autosomes in the present study, including loci on highly frequently deleted 1p arm, is of great importance since these may harbour candidate tumour genes involved in the development and progression of pheochromocytomas. Furthermore, our results highlight chromosomal regions more frequently affected by alterations in malignant pheochromocytomas and malignant paragangliomas. The fact that gains are over-represented may suggest the importance of oncogene overexpression in the malignant tumours. These findings may shed light on the molecular mechanisms involved in the development of malignant pheochromocytomas as well as aid in the search for novel markers of malignancy.
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